ABSTRACT This paper introduces the development of a one-degree-of-freedom (1DOF) power assist device that helps to lift objects and facilitate the operator's job. The existing designs were examined for different control approaches and human-robot cooperation intuitiveness. The project involves the mechanical design of the experimental setup and development of advantageous control system. Since a task for the device is highly dependent on the mass of handling object, an adaptive strategy is a major concern of control system design. The controller design is represented by two loops to control admittance and velocity. To reduce the response time of the device, two velocity controllers are designed and compared with the embedded one. The first is a conventional proportional-integral-derivative controller which has shown better performance than the native controller. The second is derived from the first using fuzzy logic for better handling of different manipulation scenarios. The results illustrate that a faster response of the device can be achieved using a fuzzy logic controller due to the nonlinear nature that allows adapting to changes in velocity error and applied load.
I. INTRODUCTION
Manipulation of objects is a common task in industries such as automotive, construction, mining, transport, manufacturing, etc., which is normally performed manually or by automated manipulation. Lifting heavy loads as well as the frequent carrying of lightweight objects is exhausting and represent significant risk factors for musculoskeletal diseases for industry workers [1] . On the other hand, traditional lifting devices such as cranes with switch controller lack in flexibility and require trained human operator. In this paper, we propose a solution that combines power and mechanical strength of conventional machines and human decision-making ability coupled with the precision of object positioning to perform manipulation tasks in a more intuitive way that require fewer skills [2] .
Power assist lifting devices are creating a safer work environment and higher environmental ratings (more tolerant to dust and liquid) in comparison to basic lifters such as compressed air and manually powered hoist, decreasing injury instances, and increasing productivity. Moreover, advantages
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include rapid return on investment through increased productivity and reduced product damage due to a reasonable amount of time, that can be saved using controlled power assist lifting devices [3] .
There exists a number of control strategies for the outer control loop. The method of controlling the ratio of force output to motion input called impedance based control was developed three decades ago [4] still remains quite popular control strategy. It was applied in the mobile mechanism that was created by Lee et al. [5] , semi-active assist mechanism developed by Kusaka et al. [6] . Duchaine and Gosselin [7] , Ikeura and Inooka [8] demonstrated the effectiveness of variable impedance control scheme over traditional position control in tasks that require human-robot cooperation.
Another contemporary control approach is admittance control, which is the inverse of impedance. With the help of neural networks, Dimeas et al. [9] established a sustainable control model that can adapt to the different object weights. Gosselin et al. [10] argue that there is a tradeoff between the applied force and smoother motion for fixed admittance, therefore variable admittance control is preferred. Lecours et al. [11] addressed stability issues on the same prototype solved using admittance control technique.
Two distinct implementations were combined by Ott et al. [12] in the hybrid control system applied to lightweight industrial arm developed by KUKA and German Aerospace Center (DLR) to take advantage of robust operation of impedance and accuracy of admittance control.
Most of the intelligent assist devices mentioned previously are estimating the applied force using torque/force sensors [4] - [13] . We decided to take advantage of this approach, as it allowed faster creating of a simpler prototype comparing to sensorless technique, but at a higher cost. The applied sensor configuration allowed intuitively manipulating an object.
The other control system design concern is to develop a robust velocity control that could provide small tracking error and fast response to the operator's commands regardless of changes in load. The first approach was to develop a conventional PID velocity controller. According to Farkas et al. [14] there some significant drawbacks in using it, particularly non-robust handling of various loads and poor response for non-linear systems.
One of the possible solutions is to introduce an advanced control technique using fuzzy logic to reject the weaknesses of traditional controllers. There are two common implementation approaches: the first is to use fuzzy logic to adjust proportional, integral and derivative gains of the controller similar to one implemented by Kuantama et al. [15] , Park et al. [16] , Tao et al. [17] . The second is to develop a controller based on fuzzy logic as was proposed and used in papers by Abeywardena et al. [18] , Xing and Yang [19] , Zaky and Metwaly [20] , Betin et al. [21] , Stnean et al. [22] , Almatheel and Abdelrahman [24] , Usman and Rajpurohit [25] . We modified a controller based on fuzzy logic by introducing proportional-derivative-plusintegral (PD+I) controller to reduce computational time.
Our objective was to create a simple 1DOF power assist lifting device and design the advantageous control system, combining better approaches for admittance and velocity control. This paper presents the development stages, including the mechanical design of the setup and control system design. Comparison between the performance of the fuzzy logic velocity controller and conventional controllers was made to illustrate the superiority of the proposed fuzzy logic control approach.
II. DESIGN OF EXPERIMENTAL SETUP
The prototype of a 1DOF lifting device is developed to apply control scheme directly to the physical system. An encoder is attached to the gearhead shaft to measure output angular position and velocity, followed by bearing stage and 3D printed plastic spool to host a nylon cord. The force sensor was also attached to the cord through rope suspension and meant to carry a hook for the load. Fig. 1 refers to actual setup and Table 1 lists characteristics of mechanical and electrical parts used for design.
For motor holder aluminum was chosen since we needed durable, stiff motor housing to avoid vibrations and at the same time the material easy to process at a machine shop. In addition, to eliminate motor-gearbox axial precession, gearbox supports were designed. For spool and attachments to force sensor we used a 3D printer to create plastic parts. To ensure there is no stress on the gearbox shaft the bearing stage is added. The bearing stage includes two ball bearings, bearings holder, steel shaft and shaft adapter with key coupling. For more durability of 3D printed parts, the material was changed from ABS to PLA. The rope suspension system was designed to increase loading capacity.
The device has two modes: Calibration and Operation. Switch between modes is performed hitting Calibration button. Turned on a green LED indicates that the Operation mode is chosen. Initially, the device is set to the Operation mode with a reference load of 0 kg so it can be pulled down to ground level or the level of the load.
In the Calibration mode lifting at low speed is performed so the load can be attached. Pushing Calibration button again latches attached load value as the reference mass. This allows to manipulate loads with different masses and add or remove objects during operation.
In Operation mode, lifting and lowering can be performed by putting force from 1.5 N to 3.75 N in either direction. A force exceeding 3.75 N results in the maximum speed of 1200 rpm on the motor side.
To prevent hitting the spool, a position limit is added in the way that the device stops when reaching initial position. This implies safety in case of object loss or improper operator actions. Pushing the emergency stop button leads to the complete stop of the system.
According to sensor specifications, the operating range allows applying force up to 70 N, which restricts the weight of the manipulated object, considering force applied by operator and safety factor, to 6 kg. To push the limit, a rope suspension system is introduced. The load is distributed and the tensile stress on the sensor is considerably reduced. This increased load capacity to 23 kg considering the safety factor. In this paper, the maximum tested weight is 15 kg.
III. CONTROL STRATEGY
The proposed cascaded control scheme, that can be seen in Fig.4(a) , includes admittance, velocity, and current control loops. The design is focused on admittance and velocity controllers, while current control is implemented using Maxon controller. Admittance block receives force difference dF between reference force, which is the weight of a manipulated object, and force applied to force sensor. The output velocity reference is fed to the velocity controller which ensures stable operation of the plant for various loads. The corresponding Simulink model is shown in Fig. 4(b) .
A. ADMITTANCE CONTROLLER
The objective was to establish a relation between input force and output velocity reference:
A PD controller is used for this purpose. Tuning was performed using the Ziegler-Nichols method. To reject unintentional force command on the sensor, a dead zone is added in the range from −1.5 N to 1.5 N. 
B. VELOCITY CONTROLLER 1) CONVENTIONAL PID
A velocity controller takes velocity as input and outputs reference current. Feedback velocity is acquired by differentiating position encoder output and is fed to velocity controller. The velocity controller was tuned using the standard Symmetrical Optimum (SO) tuning method for PI gains.
The derivative action was also added to decrease settling time and output ripples. The obtained model gave a good tracking error and resistance to load disturbance changes i.e. low steady-state error.
The performance of the designed velocity controller is compared with the Maxon controller in velocity mode. The results are presented in Table 3 .
2) FUZZY LOGIC CONTROLLER
Another approach that is chosen to design the velocity controller is fuzzy logic. This method utilizes more empirical VOLUME 7, 2019 The general procedure [15] of fuzzy controller design is following:
• Tune a PID controller using conventional method. • Construct a fuzzy controller equivalent to the tuned PID.
• Do further tuning of the fuzzy controller using heuristics. Next step is to design a fuzzy logic controller (FLC) and compare its performance to the conventional one. On each input, there were chosen nine membership functions: negative huge (NH), negative large (NL), negative medium (NM), negative small (NS), zero (Z) and positive small (PS), positive medium (PM), positive large (PL) and positive huge (PH). Since there are three inputs (proportional, derivative and integral actions) each having nine membership function design it would result in the controller with 729 rules. To minimize computational time, it is convenient to introduce two controllers that are equivalent to PD+I instead of one equivalent to PID. The MATLAB Simulink model is shown in Fig. 5 .
The controller equivalent to PD with nine membership functions yields better transient response than controllers with three, five and seven membership functions as can be seen in Fig. 6 . The integral action was adjusted in a linear fashion according to the weight of a load. This configuration allows obtaining only 84 rules instead of 729, where 81 of them are derived for PD controller and listed in Table 2 , and the other three for an integral part and listed below:
• IF e is N THEN K i * e s is P • IF e is Z THEN K i * e s is Z • IF e is P THEN K i * e s is N The membership functions of the fuzzy PD controller were designed to obtain the result that is equivalent to the one from conventional. The new controller was tuned by increasing proportional gain for large error e to reduce rise time. The triangular shape of membership functions was chosen to reduce complexity and computational time using the rule base. The exact parameters of membership functions for input and output variables are shown in Fig. 7 (a)-(c) .
Membership functions of integral gain are represented by Gaussian functions on Fig. 7 (d) . For the large error, integral action is boosted to decrease settling time. For the small error, there was established a relation between the gain and the weight of a load. The step response of FLC is given in Fig. 8 . Further tuning fuzzy controller using heuristics yielded better performance compared to the result of the previous controller.
IV. RESULTS AND DISCUSSION
For admittance control loop it is sufficient to apply the strategy that utilizes a simple PD controller. The main concern of control design is the velocity control loop.
A conventional PID controller faces a challenge when applied to nonlinear systems. In this particular case, it failed to adapt to different loads and demonstrated poorer performance as the load has increased. In comparison to the embedded black-box Maxon controller, its behavior is not sufficient to match industry demands.
The more advanced controller based on fuzzy logic yielded superior result compared to previously designed PID controller and showed fast transient response and small steadystate error for various loads. With the FLC velocity rises by 1.21 times faster and settling time is decreased by 4.26 times. For the unloaded case, the results are presented in Table 3 . As can be seen from Fig. 8(b) ,(d),(f),(h), at the start of velocity step command FLC gives higher current that gives faster transient response compared to PID. These results are practically equivalent to the performance of manufacturer's controller, although its design was based mainly on empirical data of object manipulation.
On the other hand, FLC has a worse current output command, having bigger ripples compared to PID. The possible reason is the adaptive nature of FLC that constantly adjusts the current command according to the rule base.
V. CONCLUSION
In this paper, we showed the development of power-assisted device and its advanced feedback control system using a fuzzy algorithm. As a first step existing solutions were examined and the pathway for our project was selected. Next, the mechanical design was performed to build the prototype. The control scheme based on admittance control and fuzzy logic velocity control was designed to meet the project objectives.
The performance of FLC has shown better results comparing to the conventional PID controller, dramatically improving rise and settling time of the system and similar performance to the Maxon controller.
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